Abstract A passive stabilization loop (PSL) has been designed and manufactured in order to enhance the control of vertical instability and accommodate the new stage for high-performance plasma at EAST. Eddy currents are induced by vertical displacement events (VDEs) and disruption, which can produce a magnetic field to control the vertical instability of the plasma in a short timescale. A finite element model is created and meshed using ANSYS software. Based on the simulation of plasma VDEs and disruption, the distribution and decay curve of the eddy currents on the PSL are obtained. The largest eddy current is 200 kA and the stress is 68 MPa at the outer current bridge, which is the weakest point of the PSL because of the eddy currents and the magnetic fields. The analysis results provide the supporting data for the structural design.
Introduction
The Experimental Advanced Superconducting Tokamak (EAST), an advanced experimental device built at ASIPP for studying steady-state plasma physics, has plasma facing components (PFCs) to protect the vacuum vessel, heating systems and diagnostic components from the plasma particles and heat loads ( Fig. 1) [1∼3] . The passive stabilizers are part of the plasma stabilization system installed at EAST to provide passive feedback control of the plasma vertical instability in a short timescale, which is similar to ASDEX-U in Germany [4∼7] . To accommodate the new stage for highperformance plasma and to enhance the control of vertical stabilization at EAST, the passive stabilization loop (PSL) project, which incorporates all the independent passive stabilizers into a loop, has been carried out.
The PSL is made up of copper alloy plates 30 mm in thickness and 350 mm in width, which are insulated from the vacuum vessel at the supports. Two copper toroidal rings, each with an electric break and connecting bridge, form a saddle connection. The current bridges are designed to be coaxial and symmetrical in order to counterpoise the electromagnetic forces. The passive plates with a saddle connection can produce a radial magnetic field in the plasma region due to the eddy currents at the plates induced by vertical plasma motion (shown in Figs. 2 and 3) .
The purpose of the PSL is to reduce the growth rates of vertical instability and make active control of the plasma possible. A PSL with a time constant of 100 ms will be provided for plasma vertical position control on fast timescales, and then the currents in the active control coil will immediately compensate for the decay of the currents at the passive plate and restrain the plasma vertical displacement [8] . Fig.1 Elevation view of the EAST plasma facing components Fig.2 The structure of a passive stabilization loop Fig.3 The eddy current in a passive stabilization loop saddle coil
The theory of eddy currents
Lenz's law states that if one current changes, a magnetic field is induced that creates other currents to keep the center of the total current at the same location. The eddy currents in the PSL are induced by the varying magnetic field due to plasma vertical displacement. The distribution of eddy currents depends on the configuration of the inducing magnetic field, i.e. the form of the plasma vertical motion. The plasma current is considered as a rigid current ring [9] . The eddy currents satisfy the continuity condition:
The electric vector potential T can be applied to describe the eddy currents:
Maxwell's equation can be written as:
Substituting Eq. (2) into Eq. (3), the following equation can be obtained:
where ρ is the material resistivity of the passive plates. When plasma vertical displacement events (VDEs) and disruption happen, there are eddy currents induced in the PSL. In particular, when a plasma disruption happens, the eddy currents in the PSL are very large, which may induce large electromagnetic forces.
3 Finite element analysis
The FE model
The PSL is divided into finite elements to solve Eq. (4). A 3D finite element model with the ANSYS code was created to simulate the transient behavior (Fig. 4) . SOLID97 elements are used for the air and PSL, and the coils are modeled by SOURC36, which is not actually a finite element, but a primitive representation of the distribution of the magnetic field used for calculation. To minimize the number of elements in the model, the infinite surface is applied to the open boundary of the model by means of INFIN47 elements. Furthermore, taking into account the particular geometrical features of the PSL, special care has been taken to build the model. In order to insert an adequate number of finite elements within the thickness of the PSL, without the prohibitive increase in the total number of elements, a particular modeling approach has been developed to compose the model of 8-nod elements with mapped meshing. Moreover, this technique has made it possible to use only structured meshes, which are more accurate than the tetrahedral elements that would be needed when a free meshing technique is used.
Electromagnetic analysis
Electromagnetic analysis is focused on the plasma disruption, which could induce the largest eddy currents in the PSL [10∼13] . The magnetic fields on the PSL are provided by all the currents, which include the TF coils, PF coils, plasma and eddy currents. To identify the worst case, several plasma scenarios have been analyzed using the 3D FE model of the ANSYS code.
As shown in Fig. 5 , the eddy currents with different plasma currents are obtained. In the simulation, the vertical displacement of plasma is 200 mm, and the time constant of plasma decay is 3 ms. The largest eddy currents disappear at a time of 11 ms, and they are directly proportional to the plasma currents.
As shown in Fig. 6 , eddy currents with different vertical displacements of plasma are obtained. In the simulation, the plasma current is 1 MA and the time constant of plasma decay is 3 ms. The eddy currents are directly proportional to the plasma displacement. The directions of the eddy currents are determined by the direction of the plasma movement. There are no eddy currents in the PSL, which is a saddle coil with upper and lower symmetry, when plasma disruption occurs without vertical displacement. From the simulations, it is found that the largest eddy currents in the PSL are 200 kA, which will interact with the magnetic fields and produce tremendous electromagnetic force. The distribution of the largest eddy current is shown in Fig. 7 . Fig.7 The distribution of the largest eddy currents
Structural analysis
The current bridges provide the electrical connection between the two PSLs. As they are perpendicular to the toroidal field, whose largest value is 3.5 T, they could be the weakest point of the PSL structure. The material of the current bridges is CuCrZr, which could provide high strength against the electromagnetic force.
As shown in Fig. 8 , the largest stress and deformations, which appear at the shell of the current bridge, are 68 MPa and 0.31 mm, respectively. This is less than the allowable design stress, with a sufficient margin. 
Conclusions
The eddy currents in the PSL are induced by VDEs and disruption. The distribution of the eddy currents depends on the structure of the PSL and the formation of the induction. Owing to the characteristics of the geometric structure and current distribution, the electrical parameters of the PSL cannot be expressed in a simple form, so the FE model is used for the simulation.
The FE model is created and meshed by the ANSYS software. Based on the simulation of plasma VDEs and disruption, the distribution of the eddy currents on the PSL is obtained. The largest eddy currents are 200 kA, and the stress is 68 MPa at the outer current bridge, which is the weakest point of the PSL and caused by the eddy currents and the magnetic fields. The analysis results support the design of the structure.
It would be useful to proceed with these analyses considering the impact from the vacuum vessel. However, it may be necessary to validate the model first with some of the experimental results, so that the boundary conditions for these analyses would be more precise.
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